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ABSTRACT 
Anodic dissolution is proven to be an effective method to remove stainless steel molds from Ti6Al4V 
compacts obtained from powder by hot isostatic pressing. Two different working solutions were studied: 
2 M NaCl and 2 M NaCl + 0.05 M Na2EDTA. While both were capable of removing the steel mold, the latter 
was also capable of removing the diffusional layer made by the intermetallic phases generated between 
titanium and steel during the compaction process. 
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Introduction 
Electrochemical machining is a fast and effective technology to 
manufacture products through removing metal from a work-
piece by a controlled anodic dissolution in a neutral solutions 
(e.g., an aqueous solution of sodium nitrate) at extremely large 
current densities, up to 100 A/cm2.[1,2] Among the important 
advantages of this technique, it is worth mentioning: it is a 
forceless machining, produces no thermal stress and no tool 
wear, the material removal rate is independent from the 
surface hardness, allows the generation of complex shapes 
without the need of further operations. As drawback, electro-
chemical machining is a multivariable process whose study 
and modeling requires detailed knowledge of corrosion, passi-
vation, and interface reaction kinetics. Being the basic mech-
anism of electrochemical machining, anodic behavior is the 
key factor governing the machinability of a material.[3] 
Numerous studies have focused on the anodic mechanism 
in different materials, including Fe,[4–6] Al,[7] Cu,[8,9] Ni,[10] 
Co,[11,12] and their alloys.[13,14] However, very little work has 
been conducted on titanium and its alloys.[15–17] To the 
authors’ best knowledge, there are still no paper dealing with 
the study of the anodic dissolution in the presence of interfaces 
between dissimilar materials and with complex and nonuni-
form microstructure. This can be the case of the removal of 
steel mold from a hot isostatic pressed titanium compact. 
Hot isostatic pressing (HIP) is an interesting process to 
produce highly compacted components with a very low 
residual porosity. This is of particular value in powder metal-
lurgy, where the presence of microporosity is an acknowledged 
drawback. During the process, a sheet metal mold, usually 
made of stainless steel, is filled with powder and then 
compacted at high pressure and temperature in a furnace. 
The compaction is achieved by the contemporary application 
of pressure and high temperature so that two different 
mechanisms of mass transport can be activated: diffusion 
and plastic flow.[18,19] It is clear that the mold needs to be 
removed at the last step of the process. 
In the production of HIPed titanium component, the 
pressure can reach up to 1300 bar, while the temperature 
can range between 1073 and 1373 K. At temperatures and 
pressures so high, a strong diffusion bonding, characterized 
by the formation of different intermetallics, occurs between 
the titanium powder and steel mold.[20,21] As described in a 
previous paper of the authors,[22] the result is the formation 
of a titanium–steel interface interposed between the titanium 
compact and steel mold. Having different microstructure 
and properties with respect to the bulk material of the mold 
and of the compact, this interface must be removed before 
the HIPed component could be set working. 
In general, the HIP molds are removed through conven-
tional machining, but there are two main problems linked to 
this approach: (i) complex-shaped molds are difficult or even 
impossible to remove; (ii) the removal of the interface layer is 
difficult to control, considering that its thickness is not known 
a priori. 
From this point of view, the anodic dissolution can be a 
process full of promises in regard to the removal of steel mold 
and interface layer. This is based on the ability to tailor the 
variables of the process so that only the steel mold and Fe 
compounds can be removed without damaging the Ti6Al4V 
part. So far, the dissolution of stainless steel molds has been 
studied and discussed in previously cited literature, but never 
in relation with the use of titanium powder. In this paper, the 
conditions needed for the complete removal of steel mold and 
the interface diffusion zone are studied. In particular, the 
different electrochemical behavior of steel and Ti6Al4V is 
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exploited to selectively dissolve the steel and the titanium–steel 
interface without damaging the bulk-sintered compact. 
Concentrated saline solutions have been proved to be effec-
tive in anodic dissolution of steel,[23,24] while it is well known 
that titanium and its alloys have a high resistance to dissol-
ution under these conditions. The question is then to find a 
way to dissolve the titanium–steel interface which develops 
during the HIP process. The ethylenediaminetetraacetic acid 
(EDTA), an aminopolycarboxylic acid, that forms very stable 
chelates in aqueous solution with the main constituent of 
stainless steel, Fe, Cr, and Ni, could resolve this problem. As 
will be discussed in details, the addition of EDTA to the elec-
trochemical solution allows dissolving both the steel mold and 
the interface layer. The dissolution process therefore reaches 
the bulk of the compact demonstrating the possibility to 
produce a true near-net shape component. 
Materials and Methods 
The compact-mold system subject of this study was prepared 
using a Ti6Al4V powder with an average diameter of about 
100 µm. The powder composition by weight percent is Al 
6.1, V 4.2, Fe 0.07, Cu 0.05, Ti rest. The Ti6Al4V powder 
was poured into an AISI 304 cylindrical stainless steel mold 
150 mm in length with 70 mm inner diameter and a thickness 
equal to 1.5 mm. The steel weight percent composition is 
0.08 C, 18.5 Cr, 9.0 Ni, 2.0 Mn, 0.08 Si, 0.01 P, 0.01 S, Fe rest. 
The powder was compressed into the mold with a 500 bar 
hydraulic press assisted by vibrations to obtain a high initial 
packing density. The relative density of the cold-pressed 
compact ranged within 0.53–0.56. The packed molds were 
vacuum-heated to a temperature of 200°C and a void of 10  3 bar 
for 24 h to remove gas and moisture, then sealed by thermal 
welding. The sample was placed inside the hot isostatic press 
and heated up to the process temperature of 1100°C under an 
argon atmosphere. The pressure was increased in proportion 
to temperature up to the final level of 1300 bar. The heating 
and dwell stage of the process lasted 1.5 h, followed by cooling 
inside the furnace. At the end of the HIP process, the relative 
density reached close to 100%. 
The experimental work about the dissolution of HIPed 
molds was split into three steps according to the sequence of 
layers engaged by the electrochemical machining from the 
outside to the compact bulk. The first step was the study of 
the optimal condition for the anodic dissolution of AISI 304 
steel, the second one was the study of the optimal condition 
for the dissolution of titanium–steel interface, the last one 
was the verification of the passivation of the sintered titanium 
compact in regard to the optimal conditions found in the first 
two steps. 
The electrochemical tests of the experimental activity 
were performed at room temperature in 2 M NaCl and in 
2 M NaCl + 0.05 M Na2EDTA aqueous solutions to show the 
importance of EDTA and compare the obtained results. All 
solutions were prepared using analytical-grade reagents. 
Potentiodynamic polarization measurements were performed 
in both the solutions at a scan rate of 0.2 mV/s in a conventional 
three-electrode cell using a graphite bar as a counterelectrode. 
The dissolution tests were run in galvanostatic mode with 
stagnant conditions and a current density of 0.5 A/cm2 using 
the abovementioned solutions. A research-grade galvanostat/ 
potentiostat (current range: 10 µA to 800 mA, current 
resolution: 760 pA, control voltage: �10 V, voltage resolution: 
5 μV, electrochemical impedance spectroscopy (EIS) measure-
ment from 10 µHz to 1 MHz, acquisition time: 20 μs) was used. 
External boosters from 2 A up to 10 A were used during 
the electrochemical tests. Potentials were measured against a 
3 M KCl Ag/AgCl reference electrode (+210 mV versus standard 
hydrogen electrode). 
The assessment of potentiodynamic behavior of the 
1.5-mm-thick AISI 304 steel, first objective of the experimental 
work, was studied by cold mounting 15 � 15 mm specimens of 
the sheet into epoxy resin, see Fig. 1(a) for the experimental 
setup and the arrangement of electrodes. Dissolution tests of 
the steel were made in galvanostatic mode and stagnant 
conditions with a current density of 0.5 A/cm2 to determine 
the kinetics and mechanism of the electrode reactions. 
Furthermore, to better understand the mechanism of mold 
dissolution and the role played by the EDTA, the electroche-
mically machined surface of the specimen was analyzed by 
Figure 1. Experimental setup used in dissolution tests of (a) AISI 304 and 
(b) slice extracted from the HIPed workpiece.  
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scanning electron microscopy (SEM) and the composition 
measured through energy-dispersive X-ray microanalysis 
(EDXMA) operating at 15 keV. The EDX analysis was 
performed in scanning mode. 
To fulfill the successive aims of the experimental study, 
namely, the dissolution of titanium–steel interface and the 
passivation of the compact, several specimens were extracted 
from the HIPed workpiece. 
Some specimens were cut in the shape of slices presenting 
the external cylindrical surface of the mold, on one side, 
whereas the opposite surface points toward the compact core; 
the base face of these slices is depicted in Fig. 1(b). These 
specimens measure approximately 15 mm along the mold axis 
and 15 mm along the curved line of the cylindrical surface; the 
depth of the specimens was around 10 mm, enough to cover 
both the mold thickness and the interface zone while leaving 
enough of the bulk workpiece. The resultant specimens were 
cold mounted into epoxy resin for electrochemical machining, 
according to the setup of Fig. 1(b); obviously, the specimens 
are encapsulated with the steel mold surface left accessible. 
They were electrochemically machined in galvanostatic mode 
and stagnant condition at 0.5 A/cm2 until the compete 
dissolution of both the mold and titanium–steel interface. 
The obtained surface was then analyzed by SEM and EDXMA. 
Some other specimens were extracted from the bulk 
of HIPed Ti6Al4V material to study the mechanism of its 
passivation. Potentiodynamic polarizations tests were 
performed on these specimens under the same conditions used 
for the AISI 304 steel. 
Results and Discussion 
Before analyzing the results of the electrochemical experi-
ments, a description of the titanium–steel interface generated 
during the HIP process is necessary. More details about this 
interface can be found in a previous paper of the authors.[25] 
Figure 2(a) reports the SEM micrograph of the observed 
morphology from mold bulk to compact bulk. The interface 
extends for about 150 µm between the AISI 304 mold and 
HIPed material. Five different intermetallic zones can be 
distinguished in the close-up of Fig. 2(b). The composition 
and identification of these intermetallic phases are given in 
Table 1. Being their compositions and mechanical properties 
starkly different from that of the bulk compact, they need to 
be removed along with the steel mold. As discussed in the 
aforementioned paper, no signatures of hydrogen embrittle-
ment were observed in the Ti6Al4V workpieces. 
In Fig. 3, the results of potentiodynamic tests are reported. 
The qualitative features of potentiodynamic scanning in both 
the solutions for AISI 304 can be used to identify the following 
responses. A classical cathodic regime, in which the current is 
determined by the reduction of dissolved oxygen, is visible 
below   0.2 V. With an increase in potential, starting from 
  0.15 V, the regime become one in which metal oxidation is 
the dominant reaction taking place in the active region. The 
current in this regime rises as a function of the applied poten-
tial. A strong transpassive regime starts above the breakaway 
potential, 0.3 V for the 2 M NaCl solution, 0.4 V for the 2 M 
NaCl + 0.05 M Na2EDTA solution. For potential higher than 
0.7 V, the AISI 304 steel shows an anodic limiting current. 
On the contrary, the HIPed Ti6Al4V reaches a passive region 
above 0 V in both solutions. This implies that the mold can be 
selectively dissolved in both the solutions for potentials greater 
than 0.3 V, since the electrochemical machining will stop at 
the surface of the HIPed Ti6Al4V which is protected above 
this potential. 
These findings are used as an input to the electrochemical 
machining tests. The dissolution of AISI 304 steel under galva-
nostatic condition proceeds in two stages, as shown by the 
results of galvanostatic dissolution at 0.5 A/cm2 in Fig. 4. A 
first stage of lower duration at higher potential is followed 
by a second longer stage at lower potential. The first step lasts 
the time necessary for chlorides to induce the breakdown of 
the outer oxide layer protecting the AISI 304 specimen surface. 
As soon as the chlorides have induced the breakdown of the 
oxide, the bare metal is exposed to the solution and the dissol-
ution process can begin. This behavior does not change 
between the two solutions throughout the dissolution. Indeed, 
the applied current density of 0.5 A/cm2 is close to the value of 
the anodic limiting current, equal for both the solutions, as 
shown in the polarization curves. Under these conditions, 
the mechanics limiting the removal rate of the process is the 
mass transport from the surface of the metal to the bulk of 
the solution. 
Figure 2. (a) Optical micrograph of the interface, (b) SEM micrograph of the 
interface with the indication of different zones.[25] AISI 304 mold (on the left) 
and the HIPed material (on the right).  
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The dissolution reactions of AISI 304 stainless steel in 
concentrated chloride solution are summarized in Fig. 5, in 
which, for reason of simplicity, only reaction mechanisms 
involving Cr, which is the main constituent of the passive 
layer, are shown. Further details about the involved chemical 
reactions can be found in Milosev [26] and Mount et al.[27] 
According to the reaction path 1, the products of dissolution 
are Cr(VI), Fe(III), and Ni(II), whereas along the reaction path 
number 2, they are Cr(III), Fe(II), and Ni(II). 
These paths are intrinsically antithetic. As demonstrated by 
Bojinov et al.,[28] the transpassive dissolution of stainless steel 
through the formation of highly valent ions is a complex 
phenomenon that involves the peculiar structure of the 
passive layer with the contribution of different phenomena 
in competition with each other. For example, chloride ions 
can induce strong modifications in that structure that inhibits 
mechanism 1.[29,30] The dissolution occurs through the break-
down of the passive film along the reaction paths 1 and 2, 
while the reaction path 3 is in competition with the oxidation 
mechanisms. 
To find out the prevalent dissolution path under the chosen 
experimental conditions, the apparent valence of dissolution, 
n, was determined from the weight loss measured in galvano-
static mode using Faraday’s law in the hypothesis of efficiency 
equal to 100%[27]: 
n ¼ i � A � t
Dm � F
MW ð1Þ
In Equation (1), i is the current density, A the exposed area of 
the specimen, Dm the weight loss at the time t, F Faraday’s 
constant (96485.3 C/mol), and MW the average molecular 
weight of the alloy. The calculate valences are n ¼ 2.25 for the 
2 M NaCl solution and n ¼ 2.24 for the 2 M NaCl + 0.05 M 
Na2EDTA solution. By comparison of the experimental 
results with the theoretical values, n ¼ 3.48 for mechanism 1 
and n ¼ 2.19 for mechanisms 2 and 3, it is possible to deduce 
that in this case the dissolution of AISI 304 does not occur 
through the formation of highly valent ions. 
Further details about the role of EDTA are deduced by the 
SEM and EDXMA analyses performed on the surface of 
the AISI 304 specimen after the galvanostatic test. Results of 
Figure 5. Simplified network of the reactions occurring during the anodic 
dissolution of AISI 304 steel.  
Table 1. Average wt% composition of the different zones of the titanium–steel interface built up during the HIP process. For 
Zone 5, maximum and minimum concentrations are given.[25] 
Zone Fe Cr Ni Ti Al Phase  
1  64.73  26.74  5.17  3.36  σ 
2  63.23  23.18  5.00  8.59  χ 
3  46.23  13.66  4.39  34.80  0.92 λ + FeTi 
4  31.03  3.99  7.02  56.27  1.69 Ti2Ni + (Fe,Ni)Ti  
+ β-Ti 
5 16.34–5.03 3.64–1.28 2.19–1.71 72.41–84.44 5.42–7.54 β-Ti + FeTi 
a  60.19  24.21  6.61  8.99  χ 
b  24.87  2.46  9.98  61.08  1.61 Ti2Ni + (Fe,Ni)Ti  
+ β-Ti   
Figure 3. Potentiodynamic polarization curves of AISI 304 and HIPed Ti6Al4V in 
2 M NaCl and 2 M NaCl + 0.05 M Na2EDTA solutions.  
Figure 4. Galvanostatic potential–time curve for AISI 304.  
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the analyses for the two solutions are reported in Fig. 6, along 
with the measured composition of the base material. Due to its 
accuracy limitations, EDX can be used only to estimate the 
weight ratio of the components of an alloy. In this study, 
EDX is used in semiquantitative manner to determine if the 
treatment had caused changes in the weight ratio of an 
element compared to the base material. Taking into account 
the sensitivity that can be usually achieved on modern spectro-
meters, a difference of more than 2% on the detected value of 
the wt% is considered statistically significant. 
The morphology of the steel surface after dissolution in 2 M 
NaCl shows a typical localized corrosion with a carbon- and 
oxygen-enriched composition with respect to the surface of 
the base material. On the contrary, the morphology of the steel 
surface after dissolution in 2 M NaCl + 0.05 M Na2EDTA 
presents both areas of localized corrosion and areas which 
underwent uniform dissolution. Furthermore, a lower concen-
tration of oxygen is detected in the surface treated by galvano-
static test in 2 M NaCl + 0.05 M Na2EDTA. This is in 
agreement with the results obtained by Kocijan et al.[31] about 
the effect of complexing agent on the corrosion of stainless 
steels for biomedical applications. In this study, the authors 
observed that one of the effects of EDTA and other chelating 
molecules is the reduction of the oxygen contents in the metal 
surface exposed to an environment capable of inducing 
localized corrosion. 
As expected, the dissolution of HIPed specimen, reported 
in Fig. 7, proceeds in two stages as well as for the AISI 304. 
In the second stage, the galvanostatic potential–time curve 
slowly increases due to the curvature of the metal surface 
exposed to the solution. Indeed, the cylindrical shape of the 
mold brings about a decrease in the exposed area as the dissol-
ution progresses so that the current density, and consequently 
the potential, needs to increase under the constraint of 
constant current intensity. The final part of the curve is 
characterized by a sharp increase in the potential with the 
passing of the time. This zone corresponds to the beginning 
of the oxygen evolution on the metal surface and to the end 
of dissolution process. 
Scanning electron microscopy and EDXMA analyses on the 
worked surface are shown in Fig. 8. In the case of 2 M NaCl, 
the composition of the surface indicates that the electrochemi-
cal machining stopped approximately between zones 2 and 3 
of the titanium–steel interface layers reported in Table 1. On 
the contrary, the composition of the surface after dissolution 
in 2 M NaCl + 0.05 M EDTA matches the composition of the 
very end of the zone 5, as determined by the previous analyses, 
see Fig. 2 and Table 1. This indicates that the whole titanium– 
steel interface formed during the HIP process was removed 
and the dissolution reached the bulk of the TI6Al4V compact. 
The lamellar morphology visible in the optical micrograph in 
Fig. 8(b), very similar to the bulk microstructure of the 
Ti6Al4V HIPed compact, confirms this conclusion. In 
Figs. 9 and 10, interface images showing the removal, respect-
ively, without EDTA and with EDTA, are reported. It is poss-
ible to appreciate that the EDTA allows the removal of 
intermetallic layer that remains untouched when the EDTA 
is not used in the solution. 
The presence of EDTA determines the different develop-
ment of the electrochemical machining in the two analyzed 
solutions. In the case of 2 M NaCl as the dissolution 
Figure 6. (a) Morphology and measured wt% composition of the AISI 304 
surface after galvanostatic test in 2 M NaCl solution, (b) morphology and 
measured wt% composition of the AISI 304 surface after galvanostatic test in 
2 M NaCl + 0.05 M EDTA solution, (c) measured wt% composition of the 
as-received AISI 304 surface.  
Figure 7. Galvanostatic potential–time curve for the dissolution of HIPed work-
piece in 2 M NaCl and 2 M NaCl + 0.05 M Na2EDTA solutions.  
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progresses, the solution reaches zones of higher and higher Ti 
content, so that the reactions reported in Fig. 11 are progress-
ively triggered. In particular, the chlorides promote, through 
the chemisorbed complex [TiCl4]4  , the formation of titanium 
dioxide which being highly protective acts as an effective bar-
rier against the dissolution and stops at the very beginning the 
machining of the tintanium–steel interface. Conversely, the 
EDTA promotes the solubilization of Fe, Cr, and Ni through 
the formation of highly stable complex ions, as [CrEDTA]  , 
[FeEDTA]2  , and [NiEDTA]2  . The consequence is that the 
dissolution does not stop at the interface but proceeds until 
the reach of the bulk of the Ti6Al4V compact. Furthermore, 
in the presence of EDTA, it is also possible that a selective 
dealloying occurs in the Ti-rich zones of the interface leading 
to the production of a weak structure which helps the dissol-
ution process. 
Conclusion 
Anodic dissolution allows the removal of AISI 304 steel mold 
from Ti6Al4V HIPed compacts; the dissolution proceeds 
exploiting the transpassive behavior of the steel with localized 
corrosion in 2 M NaCl solution. The dissolution is also helped 
in the presence of EDTA by the formation of chelates. 
Figure 11. Chemical reactions for the formation of protective TiO2 induced by 
the presence of chlorides.  
Figure 8. (a) Morphology and measured wt% composition of surface obtained 
after dissolution of the mold in 2 M NaCl solution, (b) morphology and measured 
wt% composition of surface obtained after dissolution of the mold in 2 M 
NaCl + 0.05 M Na2EDTA solution.  
Figure 9. Interface SEM image showing the removal in 2 M NaCl solution. 
Note: SEM, scanning electron microscopy.   
Figure 10. Interface SEM image showing the removal in 2 M NaCl + 0.05 M 
Na2EDTA solution. Note: SEM, scanning electron microscopy.   
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The 2 M NaCl solution is capable of removing the steel 
mold but not the titanium–steel interface formed during the 
HIP process. On the contrary, the addition of EDTA enables 
the dissolution of both the mold and interface until the 
machining reaches the bulk of the Ti6Al4V compact. 
As soon as the surface of the bulk of the compact is reached, 
the process stops because of the passivation of Ti6Al4V taking 
place under the chosen processing conditions. 
Under the proposed conditions, the electrochemical 
machining acts as a highly selective process since it dissolves 
the mold and titanium–steel interface but stops at the bulk 
compact. The usefulness of this result in the field of industrial 
applications cannot be overstated. 
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